Background. Many patients hospitalized with pneumonia are treated with combination macrolide/cephalosporin therapy. Macrolides have immunomodulatory effects and do not directly cause bacterial lysis. These effects suggest the possibility that initial treatment with a macrolide before a cephalosporin could improve patient outcomes by preventing the inflammatory response to rapid bacterial lysis that can be caused by cephalosporin treatment. This study explores whether initial treatment for pneumonia with a macrolide before a cephalosporin is associated with better patient outcomes than treatment with a cephalosporin before a macrolide.
immunomodulatory effect that blunts the inflammatory response to products released by bacterial lysis, or by both effects, we theorized that patients treated with a macrolide antibiotic before a cephalosporin would have better outcomes than patients given cephalosporin treatment followed by a macrolide. To our knowledge, no studies have tested this hypothesis. Working with a clinically rich database drawn from the electronic medical records of a large sample of United States hospitals, we compared the outcomes of patients hospitalized for pneumonia who received a macrolide before a cephalosporin to those who received a cephalosporin before a macrolide. Our a priori hypothesis was that patients who received a macrolide first would have better outcomes than patients who received a cephalosporin first.
METHODS

Design, Setting, and Subjects
We conducted a retrospective cohort study of patients hospitalized for pneumonia at 70 hospitals that contribute electronic health record data to HealthFacts (Cerner Corporation, Kansas City, MO). This database is a deidentified Health Insurance Portability and Accountability Act (HIPAA)-compliant comprehensive source containing time-stamped pharmacy, laboratory, and clinical results along with traditional hospital claims data [22] [23] [24] .
We included discharges from an acute care hospital between with a secondary diagnosis of pneumonia. We included patients who had initial treatment with both an intravenous macrolide (erythromycin or azithromycin) and a third-or fourth-generation cephalosporin (cefotaxime, ceftizoxime, ceftriaxone, cefepime). Antibiotic timing was based on the time the infusion began. We included only patients in whom the 2 antibiotics were given 1 hour or more apart. Exclusion criteria are provided in the online Supplementary Data.
Patient and Hospital Characteristics
Patient characteristics used for risk adjustment and propensity matching included age, gender, race/ethnicity, payer, type of pneumonia, healthcare-associated pneumonia (HCAP) vs CAP, Gagne combined score [25] , Elixhauser comorbidities, smoking, obesity, receipt of invasive or noninvasive mechanical ventilation in a prior admission, and prior hospitalization. Patients were characterized as having HCAP if they were admitted from a skilled or intermediate care facility, were hospitalized during the prior 90 days, were on dialysis, or receiving immune-suppressing medications. Other patients were designated as having CAP. The primary analyses were performed on the entire cohort, whereas secondary analyses were done on the CAP cohort. Disease severity was assessed using the laboratory acute physiology score (LAPS), a validated tool that assesses severity of illness at the time of hospital admission using data extractable from an electronic health record database to predict hospital mortality [26, 27] as well as several other methods, as described in the online Supplementary Data. Vital sign data were not available, precluding calculation of pneumonia-specific mortality risk measures. Hospital characteristics were also used in the models.
Outcomes
The primary outcome of the study was in-hospital mortality. Given the limitations of in-hospital mortality as an outcome, we defined a second mortality outcome that also included patients discharged to hospice. Secondary outcomes were hospital length of stay and all-cause readmission within 30 days among survivors.
Analyses
Summary statistics describing the study cohort are presented as (1) frequencies and proportions for categorical variables and medians and (2) interquartile ranges (IQRs) for continuous variables. Associations between patient or hospital characteristics and antibiotic treatment were assessed via generalized estimating equation (GEE) models accounting for patients clustering within hospitals. Association of treatment with outcomes in the propensity-matched cohort was assessed using conditional logistic regression models accounting for matching. We developed a nonparsimonious GEE model accounting for patient clustering within hospitals to predict receipt of macrolide first. This model included patient age, gender, insurance payer, comorbidity score, selected Elixhauser comorbidities, HCAP vs CAP, LAPS, initial care venue, receipt of invasive or noninvasive mechanical ventilation in prior year, number of admissions in prior year, receipt of early vasopressors, invasive or noninvasive mechanical ventilation, hospital size, teaching status, region, and selected significant interactions between these variables. We then matched each macrolide first-treated patient with a patient who was treated first with cephalosporin with a similar propensity score via the Greedy match algorithm. Additional detail on the analytic methods is provided in the online Supplementary Data.
We performed several sensitivity analyses; exclusion of HCAP patients, only including patients whose initial macrolide and cephalosporin treatment were at least 2 hours or more apart, defining receipt of ventilator support or vasopressor support that was initiated more than 2 hours after initial antibiotics as an outcome (as opposed to more than 12 hours for the primary analyses). In an effort to preferentially study patients more likely to have a higher bacterial load, or otherwise at higher risk, we performed (1) a series of stratified analyses based on the presence of bacteremia and (2) LAPS. We also examined the order of antibiotic administration in patients who died within 3 days of presentation.
The database included 107 701 patients admitted to the hospital with pneumonia. Figure 1 demonstrates the application of inclusion and exclusion criteria to derive the study population. After exclusions, 59 789 patients were potentially eligible for inclusion. Among these, 2711 patients received a β-lactam and a macrolide more than 1 hour apart, but within 8 hours of each other, 539 (19.9%) received a macrolide first and 2172 (80.1%) received a cephalosporin first. For the macrolide first group, the median time (IQR) between the 2 antibiotics was 2.3 hours (IQR, 1.4-4.4 hours). For the cephalosporin first group, the median time between the 2 antibiotics was 2.1 hours (IQR, 1.3-4.0 hours).
The patient and hospital characteristics and unadjusted outcomes are shown in Table 1 . Patients who received a macrolide first were somewhat younger (median age, 68 vs 72 years), more likely to have chronic obstructive pulmonary disease (48.1% vs 41.6%), less likely to be admitted to an intensive (9.5% vs 12.6%) or intermediate care unit (3.3% vs 4.8%), but were more likely to require vasopressors (2.4% vs 0.5%) and noninvasive ventilation (2.8% vs 2.2%) before initial antibiotic therapy. Patients who received macrolide treatment first were more likely to be cared for in teaching hospitals (70.3% vs 56.8%). Patients who received macrolide treatment first had a lower hospital mortality (4.1% vs 5.9%) and lower rate of hospital mortality/hospice discharge (6.1% vs 8.4%), although these differences were not statistically significant (P = .07 and P = 0.09). Hospital length of stay was statistically lower in patients who received a macrolide first, but the magnitude of difference was small (0.4 hours, P = .05).
We matched 527 patients in each group for the propensity analysis. Table 2 shows the patient and hospital characteristics and outcomes among this cohort. Patient characteristics in the initial macrolide and initial cephalosporin groups were very similar, although there was a lower percentage of Medicare patients in the initial macrolide group and differences in the percentage of patients treated at teaching hospitals. Mortality was 4.2% in the macrolide first group and 5.5% in the matched cephalosporin group (P = .31), and mortality/hospice discharge was 6.3% for the macrolide first group and 9.3% for the cephalosporin first group (P = .06). The hospital length of stay was nonsignificantly lower in patients who received a macrolide first (P = .09), whereas the 30-day readmission rate was nonsignificantly higher in the macrolide first group (12.9% vs 10.6%, P = .27). Figure 2 is a Forest plot demonstrating the adjusted risk of mortality and 30-day readmission, as described above. The adjusted mortality and combined mortality/hospice discharge rates were approximately 30% lower in the initial macrolide groups than the initial cephalosporin groups, although statistical significance was not reached. For most of the models, we found no difference in the adjusted risk of readmission among patients who received initial treatment with a macrolide compared with those initially treated with a cephalosporin.
Several sensitivity analyses were performed. Among patients with less than the median LAPS (lower risk patients), mortality was 1.4% in both treatment groups. In contrast, among the patients with higher LAPS, mortality was 7.0% in those who received a macrolide first, compared with 10.2% in patients who received a cephalosporin first (P = .11). The analysis of CAP patients only (Supplemental Tables 1 and 2 ) and the analysis that was limited to patients whose antibiotics were at least 2 hours apart (Supplemental Table 3 ) demonstrated results very similar to those of the primary cohort. The analyses limited to bacteremic patients and patients who died within 3 days of presentation and with the alternative definition of late deterioration (receipt of ventilator support or vasopressors starting 2 or more hours after initial antibiotics) were limited by low numbers of events and are therefore not presented. No significant differences were seen between the 2 treatment groups in these analyses.
DISCUSSION
In this study of 2711 patients admitted to the hospital with pneumonia, we found that patients who received treatment with a macrolide antibiotic at least 1 hour before a cephalosporin had an approximately 30% lower adjusted risk of the combined outcome of in-hospital death or discharge to hospice than those in whom the sequence of antibiotic therapy was reversed. This difference did not reach statistical significance, possibly due to low numbers of events in the macrolide first group. However, the magnitude and direction of effect was consistent in several sensitivity analyses. The observed mortality benefit appeared to be limited to patients with more severe illness. There did not appear to be a meaningful association between the order of antibiotic treatment and 30-day readmission or hospital length of stay. There are several mechanisms by which macrolide antibiotics might improve mortality in patients with bacterial pneumonia species, and inhibit polymorphonuclear cell chemotaxis [17] . Furthermore, macrolides might indirectly decrease the inflammatory response to bacterial infection by inhibiting bacterial quorum sensing, bacterial toxin production, or by causing less rapid bacterial lysis than cell wall active antibiotics, including cephalosporins [17] . Some of these mechanisms would likely not depend upon when the macrolide was given in relation to a cephalosporin. However, avoidance of rapid bacterial lysis and an immunomodulatory effect of macrolides on the host (especially by muting the inflammatory response to the liberation of inflammatory mediators from lysed bacteria) could theoretically depend on the timing of the 2 types of antibiotics. With both of these mechanisms, it is reasonable to think that treatment with a macrolide before a cephalosporin could improve outcomes by preventing rapid bacterial lysis and by blunting the resulting host inflammatory response. To our knowledge, there are no prior human studies of this issue to which our results can be compared. The approximate 30% lower adjusted mortality seen in pneumonia patients who received macrolide therapy before cephalosporin therapy suggests the possibility that providing macrolide therapy initially might result in improved outcomes, despite the lack of statistically significant results. Based on our sensitivity analysis, it is possible that such therapy might have benefit only for a subgroup of pneumonia patients who are at higher risk for worsened outcomes, perhaps in part related to rapid bacterial lysis. These might include patients with severe pneumonia, those without clinical markers of severe pneumonia who have a high bacterial load [28, 29] , and those with markedly elevated inflammatory markers [13] .
If these findings are replicated in other observational studies and clinical trials, they could have a large clinical impact. Providing a macrolide antibiotic before a cephalosporin is an intervention that would be easy to implement, would have essentially no additional cost, and would likely be associated with minimal potential for risk. A delay in nonmacrolide therapy for only 2-3 hours would be unlikely to result in worse outcomes related to a delay in appropriate therapy [30] . Furthermore, the most common pathogens causing CAP are usually sensitive to azithromycin. The similar results seen in the primary study group and the CAP group suggests that there is not a significant risk associated with delaying cephalosporin therapy even in patients at highest risk of being infected with nonmacrolide sensitive organisms (HCAP patients). Therefore, even if such a strategy would only benefit a subpopulation of patients with more severe pneumonia, it could be appropriate to apply the strategy to all pneumonia patients, if identifying the highest risk patients imposed increased burden or could lead to a delay in therapy (eg, testing for bacterial load or inflammatory markers or other laboratory results).
The discordant results with respect to mortality, in which there was a strong signal suggesting benefit versus 30-day readmission rates, for which there was no suggestion of benefit, is worthy of comment. Of course, one explanation could be that the mortality benefit would not be seen with a prospective randomized study. However, lower mortality is not always associated with lower readmission rates or lower hospital length of stay [31, 32] . It has been suggested that interventions that improve mortality can salvage the most vulnerable patients, who are then prone to longer hospital stays and higher risk for readmission [33] .
Strengths of this study include the large number of patients drawn from a geographically and structurally diverse sample of US hospitals, the broad set of ICD-9-CM codes used to define pneumonia-reducing the possibility of bias due to differences in coding across hospitals-and access to clinically rich data obtained directly from electronic medical records at participating institutions that enabled us to adjust for severity of illness in ways that are superior than those using only claims data. Our study should be interpreted in light of several limitations. As is the case in any observational comparative effectiveness research study, our findings are subject to the possibility of residual confounding due to unmeasured factors. However, our analyses included a large number of measures of comorbidity and disease severity, including the LAPS; our propensity models achieved good covariate balance; and our results were consistent across a variety of analytic methods and sensitivity analyses. The finding of a possible mortality benefit only among the patients with higher LAPS (higher risk patients) has biologic plausibility and provides further support that the observed differences are unrelated to unmeasured confounders, because such confounding would not likely be seen in only the more severely ill patients. Moreover, on the face of it, our research question-focused on the impact of the order of antibiotic delivery-would seem to have little risk of confounding by indication that often arises in observational studies of intended treatment effects, because the timing of antibiotics is more likely related to chance as opposed to a specific choice of the treating clinician. The number of patients with poor clinical outcomes was fairly low in the macrolide first group, introducing the possibility of a type II statistical error as the explanation for the lack of statistical significance of the outcome differences we found between the 2 patient groups. Furthermore, we relied on documentation in the record to define antibiotic administration time; there is a possibility that these times were not accurate. However, there is little reason to believe that there would be differential misclassification; therefore, any inaccuracies would likely bias our results toward the null hypothesis.
CONCLUSIONS
In summary, we performed a retrospective cohort study using electronic health record data from a large number of US hospitals to investigate the association of the order of macrolide therapy and cephalosporin therapy to patients with pneumonia, in which we adjusted for differences in patient characteristics using propensity matching and multivariate modeling. We found that treatment with a macrolide before a cephalosporin was associated with an approximate 30% lower risk of adjusted mortality than treatment in the reverse order, although this difference fell short of achieving statistical significance. These results suggest that providing a macrolide before a cephalosporin may lower mortality in patients admitted to the hospital with pneumonia. Further investigations of this concept should be undertaken, given the potential for achieving improved outcomes, likely with minimal risk and minimal resource use. Such investigations could include the use of a larger study sample, which would allow a more precise estimate of the effect (or lack of effect) of this strategy and analyses in subpopulations, such as those with severe pneumonia. Depending on the results of such analyses, a prospective randomized trial may be appropriate.
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